Two carbon nanotubes with different diameters can form a carbon nanotube junction, which can be applied to build some electromechanical devices such as semiconductors, nano-nuzzles, and nano-diffusers. In this research, two zigzag carbon nanotubes with chiral vector (5, 0) and (10, 0) were considered and their mechanical properties were obtained from the molecular mechanic approach. Then, Special algorithm was used to connect latter CNTs. To model this junction molecular mechanic approach was applied. In the next step, mechanical properties and natural frequencies of the connected carbon nanotubes were measured. In this research, it was found that there is a remarkable increase in Young modulus of carbon nanotube junction. Furthermore, natural frequencies of connected carbon nanotubes, plus primary carbon nanotubes were compared together. Moreover, considering the same boundary conditions with primary carbon nanotubes, it was revealed that connected carbon nanotubes have different vibration behaviors.
INTRODUCTION
Single-walled carbon nanotubes (SWNTs), with diameter of 4-5 Å, [1] [2] [3] have Ideal characteristic originating from their long macro-morphology (high aspect ratio), remarkable mechanical properties (Young's modulus = 1-1.8 TPa), transport conductivity, and thermal conductivity (3000 W/m K). 4 5 They have been considered as the building blocks of various nanoscale electronics and mechanical devices due to their significant structural and mechanical properties. [6] [7] [8] A carbon nanotube junction consists of two connected carbon nanotubes (CCNTs) with different diameters. It has been extensively investigated as a molecular electronic device since carbon nanotubes can be metallic and semiconductive, depending on their structure. However, a carbon nanotube junction can also be viewed as a nanoscale nozzle and diffuser. 9 A variety of multi-terminal junctions, including Y -, Tand X-type carbon nanotubes, were generated by connecting individual single-walled carbon nanotubes with different sizes. 10 Another type of such junctions-which is not fully discussed in the literatures-is linkage of two carbon nanotubes (zigzag, armchair or chiral) with different diameters which can lead to development of various diameters and different physical and mechanical properties.
Hanasaki et al. 9 conducted a molecular dynamics simulation of the airflow and the He-flow inside carbon nanotube junctions. They considered carbon nanotube junctions as nanoscale nozzles or diffusers.
Zhao et al. 11 studied mechanical property of carbon nanotube (CNT) with intermolecular junctions based on molecular dynamic simulation. It was found that the rupture strength of a junction is close to that of its thinner carbon nanotube segment. Also, the rupture strain and Young's modulus showed a significant dependence on junction's geometry.
This work aims to study the effect of nanotube junctions with different diameters on the dynamic and mechanical properties via molecular mechanic approach.
MODELING

Carbon Nanotube Junction
A SWNT, which can be visualized as a hollow cylinder, is formed by rolling over a graphite sheet. It can be uniquely characterized by a vector C in terms of a set of two integers (n m) corresponding to graphite vectors a 1 and a 2 .
12
As it mentioned before, in this work, two zigzag carbon nanotubes with chiral vectors (5, 0) and (10, 0) will be modeled.
Here the arisen question is that: Whether it is possible or not to join two perfect carbon nanotubes, independently of their geometry, radius or chirality. The simplest possible hetero junction is made with the insertion of non-hexagonal rings, called generally defects, and more precisely two, a pentagon and a heptagon ring (Fig. 1 ).
In this research Melchor algorithm 13 was used to join two nanotubes and it was found that there is only one valid method to do that.
Molecular Mechanic Method
CNTs can be treated as a frame-like structure with their bonds as beam members and carbon atoms as joints. At the molecular level, the interaction between individual carbon atoms can be described using the force fields of the corresponding nucleus-nucleus and electron-nucleus. If electrostatic interactions are neglected, the total potential energy (U total which characterizes the force field canbe obtained as the sum of energies due to valence (or bonded) and non-bonded interactions, given as:
Here, U r U U and U vdw is the energy associated with bond stretch interactions, bond angle bending, torsion and Vander Waals forces (non-covalent), respectively. Figure 2 illustrates the various inter-atomic interactions at the molecular level.
The interaction among individual carbon atoms can be described using the force fields of the corresponding nucleus-nucleus and electron-nucleus interaction. Kalamkarov et al. 14 assumed that the covalent interactions among carbon atoms can be represented using simple harmonic functions. The energies associated to each covalent component of Eq. (1) 15 can be mathematically described as:
To establish the linkage between the force constants in molecular mechanics and the beam element stiffness in structural mechanics, Ref. [16] was used. For stretching, bending and torsional energy, Eq. (2) is described as Eq. (3), respectively; Where, parameters are bond stretching increment ( r , axial stretching deformation L, bond angle change , total rotation angle 2 , angle of bond twisting and torsion angle . Therefore, force constants k r k and k can be directly represented as
The value of the force constants k r k k according to the experience of dealing with graphite sheets are selected as k r = 938 kcal · mol 2 16 In this work, the BEAM element selected to simulate the carbon bonds.
RESULTS AND DISCUSSION
In this study, for estimation of Young's modulus of CNTs, Georgantzinos et al. 17 suggested to use the following relationship:
For boundary conditions, the first degree of freedom of the nodes at x 1 = 0 is restrained, while a displacement u 1 = l is applied uniformly at the nodes that belong to the x 1 = l plane. p i and f i is the computed nodal force in the direction i = 1; 2; 3 of node p i which belongs on the plane x i = 0 and q i is the total number of nodes that belong in the specific plane.
RESEARCH ARTICLE
Motamedi et al.
Vibration Behavior and Mechanical Properties of Carbon Nanotube Junction At first, Young's modulus of two uniform CNTs with two vectors (5, 0) and (10, 0) and length of 20 nm was calculated. The Young's modulus was 687 and 692 GPa for (5, 0) and (10, 0), respectively. The results can be compared with Meo and Rossi. 18 Increasing in Young's modulus in (10, 0) with respect to (5, 0) can be seen in that work, too. Also, the experimental estimates [19] [20] [21] of CNTs' Young's modulus are in the range of 0.32 to 1.47 TPa, while the theoretical estimates [22] [23] [24] vary from 0.5 to 5.5 TPa.
In the next step, Young's modulus of junction CNTs was computed. Results are shown in Table I .
The results in Table I can be compared with Zhao et al. 11 They studied on carbon nanotubes with chiral vectors (5, 5), (10, 10) and connected carbon nanotubes (5, 5)- (10, 10) . Increase in Young's modulus of connected carbon nanotubes can be clearly seen in their work.
Vibration Behavior
Study on vibration behavior of carbon based nanoparticles is critical for various industrial applications, e.g., oscillators, nanocomposites. 25 To be able to investigate the vibration behavior of such nano-particles, primary carbon nanotubes with chiral (5, 0) and (10, 0) and connected carbon nanotubes were considered. Two major boundary conditions were considered in this section; the first was the cantilever beam and the second was the bridged carbon nanotubes. These boundary conditions were applied to connected carbon nanotubes, too. Vibration modes for (10, 0) SWNT and (5, 0) SWNT are shown in Figures 3(a) and (b) . Table II shows natural frequency of carbon nanotubes with chiral vector (10, 0) and (5, 0).
Comparing the results in Table II with theoretical discussion, consider a SWCNT of length L, based on the Euler Bernoulli theory, the fundamental resonance frequency can be expressed as:
k eq m eq (6) Where k eq ∝ EI /L 3 , m eq ∝ AL, E is Young modulus and is density of CNT, Increase in diameter resulted in growth of natural frequency. Table II shows clearly the latter fact. CNT with chiral vector (10, 0) has bigger diameter toward (5, 0). Therefore, natural frequency of cantilevered and bridged CNT with vector (10, 0) has higher natural frequency than (5, 0). Natural frequencies of the connected carbon nanotubes are shown in Table III . Vibration modes for connected carbon nanotubes are shown in Figures 4(a) and (b) .
Consider first three modes of Tables II and III bigger end of CCNTs led to frequencies higher that of primary nanotubes, while clamping the smaller end of CCNTs resulted in frequencies lower than that of primary nanotubes.
Also, considering the natural frequency of bridged CNTs. (Fig. 5(b) ), it can be claimed the CCNTs with bridged boundary condition has lower natural frequencies than that of primary carbon nanotubes at three first modes.
CONCLUSIONS
In this work, for the first time, carbon nanotube junction was modeled by molecular mechanic approach. The zigzag carbon nanotubes with chiral vector (10, 0) and (5, 0) and connected CNTs were considered and Young modulus and natural frequencies of them was gained. The results showed that Young Modulus of connected carbon nanotubes increases incredibly, in contrast to primary carbon nanotubes. While it was thought Young modulus should be between primary carbon nanotubes. Also, increase in diameter of carbon nanotube led to increase of Young modulus.
Moreover, natural frequencies of connected carbon nanotube were obtained and compared with those of primary carbon nanotubes. The Clamped side of connected carbon nanotube changed the natural frequencies. Clamping bigger end of CCNTs led to increase natural frequency while clamping smaller end of CCNTs led to decrease in natural frequency. Also, bridged CCNTs have lower natural frequency than that of primary CNTs.
